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Abstract There are many processes that can transport gas from the galaxies to their 
environment and enrich the environment in this way with metals. These metal enrich- 
ment processes have a large influence on the evolution of both the galaxies and their 
environment. Various processes can contribute to the gas transfer: ram-pressure strip- 
ping, galactic winds, AGN outflows, galaxy-galaxy interactions and others. We review 
O ' their observational evidence, corresponding simulations, their efficiencies, and their 

time scales as far as they are known to date. It seems that all processes can contribute 



o 

^ ■ to the enrichment. There is not a single process that always dominates the enrichment, 

because the efficiencies of the processes vary strongly with galaxy and environmental 
properties. 



Keywords galaxies: clusters: general, ISM: jets and outflows, galaxies: ISM, galaxies: 
interaction 



1 Introduction 



o 

' The gas between the galaxies in a cluster - the Intra-Cluster Medium (ICM) - does 

. not only contain primordial ele ments, but also a considerable amount of heavy ele- 

ments like Fe, Si, S, or O (see .Werner et al] 2008 - Chapter 16, this volume) resulting 
in metallicities around 0.5 in Solar units and sometimes even higher values. A large 
^ ■ fraction (« 15-20 %) of the total mass of a cluster is in the ICM, whereas the galaxies 

^ I contribute a substantially smaller fraction (3 — 5 %), and the rest is dark matter. It 

follows that there is more mass in metals in the ICM than in all the galaxies of a 
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cluster. This means that a lot of metals must have been transported from the galaxies 
into the ICM. This gas transfer affects the evolution of galaxies and of galaxy clusters. 
When galaxies lose their gas, the star formation rate decreases and consequently the 
properties of the galaxies change. Depending on the time and the efhciency of the gas 
removal the evolution of the galaxies is more or less affected. Therefore it is important 
to know when, where and how the gas transport takes place. 

Various processes are discussed that can contribute to the metal enrichment - some 
depend only on internal properties of the galaxies, others on the environment or the 
combination of both. We review here several enrichment processes: ram-pressure strip- 
ping, galactic winds, AGN outflows, galaxy-galaxy interactions and the effect of an 
intra-cluster stellar population. Please note that this list is certainly not complete and 
further processes might also contribute a small fraction to the metal enrichment of the 
ICM. Furthermore, some processes influence each other, which makes the picture even 
more complicated. 

For several of the processes not only observational evidence exists, but also numer- 
ical simulations have been performed. We review here both aspects. 



2 Ram-pressure stripping 

A galaxy passing through the ICM feels an external pressure. This pressure depends 
on the ICM density picM s^nd the relative velocity iirei of the galaxy and the ICM. 
ICunn fc Got^ (|l972l ') suggested this process already many years ago. They also gave 



a frequently used prescription for the radius r beyond which the gas of a galaxy is 
stripped, depending on the ram pressure and the galactic gravitational restoring force. 
The implicit condition on r reads 

Pram = PlCM'^ral > 27rGastar ('")o-gas (r) (1) 

with Pram being the ram pressure, G the gravitational constant, o-gtar the stellar surface 
density, (jgas the surface mass density of the galactic gas. 



2.1 Observations 



Nowadays the process of ram-pressure stripping receives more and more attention. 
There is now much observational evidence of stripped galaxies. In the Virgo clus- 
ter several examples of s piral galaxies affected by ram-pressure stripping have been 
found by H I observations llCavatte et al ]|l990l:l IVeilleux et al ]|l999l:l IVoUmer et al 



VoUmer 



2004 



Vollmer et al.l 



2004a 



Koopmann fc Kenne 



199E 



2004 



iooil: iKennev et al 

Growl et al ] |2005l , see Fig. 1). Furthermore in Virgo elliptica l galaxies s tripping features 
have b een discovered (e.g. iRangaraian et al]|l995l : iLucero et al... 20051 : iMachacek et al.l 
20063). Also in Coma and other clusters a nd groups evidence fo r ram -pressure stripping 

Bravo- Alfaro et al.ll200ll : lKemp et al.l(2005l : 



has been found ( Bravo- A lfaro et al 
iRasmussen et al. 2006. : ,Levv et al 



■2000l :l 
20071). 



Deficiency of Hi h as been reported as evi- 



dence for ram-pressure stripping I Vollmer fc Huchtmeieiir2007l ') . It is even possible that 
the H I plume of the galax y NGG 4388, that exte nds to more than 100 kpc, is a ram- 
pressure stripping feature (jOosterloo fc Van Gork om 2005). In the galaxy NGG 7619 
strippin g features have b een found showing a high metallicity in the gas tail behind the 

in the cluster Abell 3627 shows a 



strippin g features have b een found showing a high mi 
galaxy (jxim et al.ll2007l ). The galaxy ESQ 137-001 
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Fig. 1 Two examples of galaxies affected by ram-pressure stripping in the Virgo cluster. 
Top: Hi gas (contours) and stellar light (grey scale, R-band) of NGC 4522. While the stellar 
distribution looks undisturbed the gas is b ent back due t o ram-pressure stripping (1.4 GHz 
radio continuum contours on B-ba nd, from lKennev et al.|[2004l ). Bottom: Similar features in 
NGC 4402 (from lGrowl et al.ll2005l) . 



long tail with several star formation regions suggesting that ram-pres sure triggers sta r 
formation not only within the galaxy but also in the stripped material dSun et al."2007|). 
Rece ntly ram-pressure features have also been found in distant clusters (jCortese et al.l 
l2007l l. 



For a review on ram-pressure stripping and H I deficiency see IVan GorkomI ( 20031 ) 
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2.2 Simulations 

As ram-pressure stripping is such a common process, there are many simulations in 
which the stripping process of galaxies was calculated for different types of galaxies: spi- 
rals, ellipticals and dwarfs dAbadi et al. II1999I: iQuilis et al. ll2000l:lMori fc Burkertlboool: 



Toniazzo fc Schindler|[200ll:ISchulz fc Struclj200ll:IVollmer et al l200ll:lHidaka fc Sofu j 



2002':'Bckki & Couch'2003': 'Otmianowska-Mazur & Vollmer'2003VAcreman et al."200; 



Marcolini et al.,.2003: Rocdigcr fc I^ensler 2005. : Roediger fc Briiggen 2006: Roc diger et al.l 
2006| : lMaver et al.ll200^lvollmer et 'al.ll2006r see Fig. 2). The simulations confirm that 



the process is acting in the expected way. Starting from the outer parts of the galaxy 
gas is stripped off. Part of this gas is not bound to the galaxies anymore and left in a 
wide (fragmenting) tail behind the galaxy. Recently even the increase of star formation 
in an d behind the galaxy caused by ram-pressure st r ipping has been foun d in simula- 



tions dKronberger et al] 2008al : iKapferer et al.|[2008l ) . iBriiggen et al. I l|2008t ) found that 



more than half of the cluster galaxies have experienced ram-pressure stripping and 
hence a considerable fraction of galaxies in a cluster at the present epoch has suffered 
a substantial gas loss. 

An analytical model has been developed to describe ram-prcssuro stripping for 
galaxies of different morphologies in different environments (|Hester..2006, ). It describes 

the stripping of a satellite galaxy's outer H I disk and hot galactic halo. 

It was tested with simulations whether the simple, widely used criterion bv lGunn fc GottI 

IS a good estimate for the mass loss. Generally it is found that the criterion is a 



good estimate for the mass loss (|Roediger fc BriiggenllioOTbl : iKronberger et al.ll2008al ) 
when simulations a nd analytic estimates are compared for the same conditions (see 
Ijachvm et ahlboOTl for a comparison with different conditions) - a quite surprising re- 
sult given the simple assumptions of the criterion, that do not even take into account 
dark matter. 



3 Galactic winds 



Alread y many years ag o galactic winds were suggested as a possible gas transfer mech- 
anism (jPe Youndl ioTa V Many supernova explosions provide large amounts of ther mal 



energy, which can drive an outflow from a galaxy (see reviews bv lHeckmanll2003l and 
IVeilleux et al] |2005^ . A correlation between starburst galaxies and wi nd is well es- 
tablis hed through the finding of hot gas around starburst galaxies (e.g. IPahlem et al.l 
\l99i ). 

Spectacular exam ples of such winds are seen in the galaxies M 82 ( Lvnds fc Sandag3 

Il963l l and NGC 253 jPemoulin fc Burbidge|[l97ol ). 

The outflows consist of a complex multi-phase medium of cool, w arm and hot 
gas (see e.g. the Chandra observation of NGC 4631, IWang et al]|200ll . Fig. 3). The 
morphologies of the optical emission-line gas and the X-ray emission as observed wit h 
Chandra have been found to be quite similar ( Strickland et al]|2002l : ICecil et al.ll2002l ). 



Such correlations can be used to understand the interaction between the gas in the 
bubbles and the interstellar medium (ISM). It wa s found that the accelerated ISM 
can reach high velocities of several hundred kms~^ I Heckman et aklboocl : iRupke et al.l 
[2002). 

With these winds also metals are transported into the ICM. The amount of metals 
depends on various galaxy parameters, like the total mass of the galaxy or the disc scale 
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Fig. 2 Simulation of a galaxy in the process of ram-pressure stripping with gas density (grey 
scale, ranging from 4 X 10~^® to 1 X 10"^'^ gcm~^), pressure (black contours, logarithmically 
spaced from log(p) = —3.6 to log(p) = —2.6 in units of 10"^'* keVcm"^) and velocity vectors 
(white when Mach number > 1, and black otherwise) at three different times. A cut through 
a 3D simulations is shown with coordinates in kpc. Due to the ram pr essure of the ICM the 
galaxy loses more and more of its gas (from lToniazzo fc Schindlei1l200lh . 
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Fig. 3 Chandra observation of the edge-on spiral galaxy NGC 4631. It shows the presence of 
a giant diffuse X-ray emitting corona. The corona has a te mperature of (2 — 7) X 10® K and 
extends as far as 8 kpc away from the galactic plane (from lWang et al1l2001h . 



length, and on the environmental conditions: e.g. in the centre of m assive clusters the 
pressure of the ICM can suppress the winds i Kapferer et ahlbood ). This suppression 



typ ically takes pl ace for ICM pressures above (0.7 — 1) x 10^^ dyne cm ^. 

iMartinI (| 19991 ') gives an often used recipe for simulations: the mass outflow rate M 



is proportional to the star formation rate SFR: 

M = eSFR (2) 

with e being typically in the range of 1 — 3. By comparing different technigues llfeckmanl 
( 20031 ) also finds that the outflow rate is of the order of the star formation rate. The 



SFR can be estimated from observations, e.g. from far-infrared luminosities I/piR 

SFR ^ -t/piR 
IMoyr-i 5.8 X lO^L© 



(3) 



( KennicuttJ ll998h. Another way to estimate the SFR is to use the tight relation between 



the SFR and the surface density of the gas erg 



^SFR oc cr^s (4) 



( Schmidtllliiil ') with X'sFR being the surface density of the SFR and the index A'^ 



having measured values between 1 and 2. Only a t de nsities below a critical threshold 
value the SFR is almost completely suppressed ijKennicutt. il98& ) . Alternatively the 
dynamical time can be included 

^SFR oc (5) 
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with the dynamical time t* being the local orbital timescale of the disk ( KennicuttI 
Il998l l . For hydrodynamic simulations this has been extended to in clude the fraction of 
stars lost by supernova explosions bv lSpringel fc Hernguistl l|2003h 



(6) 



with p* being the density of stars, pc being the cold gas density in the disk and /3 being 
the fraction of stars lost by supernova explosions. For a typical initial mass function 
and a mass threshold of 8 Mq for the supernovae a /3 = 0.1 is used. These are of course 
only statistical estimates. 

Other attempts to quantify the outflow rate take into account physical parameters 
like those describing the g alaxy's gravitational potential an d the effect of cosmic rays 
([Brcitschw erdt et al.lll991 ). Using the Bernoulli equation. iKronberger et al.l ( 2008bl ) 
recently derived an analytic approximation for the mass loss due to thermally driven 
galactic winds. The mass loss per unit area at a given position of the galactic disc reads 



2<Po--c2, 



(7) 



with po being the gas mass density, uq the bulk velocity of the gas, the gravita- 
tional potential, cq the sound speed (all four quantities at the given position), Wesc the 
escape velocity, and 7 the adiabatic index of th e thermal plasma. Hydrodynamic sim- 
ulations of outflows have a lso been performed I Tenorio-Tagle fc Munoz-Tunonlll998l : 
[Strickland fc Stevensll200ol ). 

S tarbu r sts wi th subsequent winds can also be caused by cluster mergers dFerrari et al.l 

12003'. '2005l. l2006l '). because in such mergers the gas is compressed and s hock waves and 
cold fronts, which trigger star formation, are produced (iEvrard 199ll: Caldwell et al.l 



I993I : IWang et al.lll99'^ - lQwen et al.lll999l : Imoss fc Whittldl2000l : lBekki fc Couchll2003l ) 



4 Galaxy-galaxy interaction 



Another possible mechanism for removing material - gas and st a rs - from galaxies 
is the interaction between the galaxies (e.g. IClemens et all I2OOOI : iMihos et al.1 boOSl . 
see Figs. 4, 5 and 6). While the direct stripping effect is mostly not very efficient 
in clusters due to the short interaction times, the close passag e of another galaxy 
(sometimes called galaxy harassmen t) can trigger a star burst ( Barnes fc Hernguistl 
I1992I: 



Moore et al.l 



I Kapferer et al 



galaxy narassmen t) can trigger a star Durst l|ljarnes Hernguistl 
19961 : lBekkilll999l ). which subsequently can lead to a galactic wind 
- peting I 
I[l99i[ 



2ooi r e a competing effect: the ISM m ight be stripped 

off immediately by ram pressure (|Fuiita et al.fl 19991 : iHeinz et al.ll2003h and hence the 



star formation rate could drop. In any case ISM would be removed from the galaxies. 

Simulations of interactions between galaxies containing an AGN s how a complex 
interplay between star formation and the activity of the AGN itself ( Springel et al.l 
I2OO5I). 



In order to estimate how likely such interaction events are the number of encounters 
and mergers needs to be assessed. The number of close encounte rs that a galaxy expe- 



riences within tn — 10^" years was estimated bv iGnediiil ( 20031 ) in the following way. 



He assumed a galaxy of size Rg = 10 kpc, a virialised cluster with a one-dimensional 
velocity dispersion of a^i = 1000 kms~^, a virial radius of R^i = 1 Mpc and A'g = 1000 
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Fig. 4 Image of the interacting galaxies NGC 4490 / NGC 4485 in H I (contours) and optical 
R band (grey scale ). Some of the gas is lost due to the interaction of the galaxies (from 
IClemens et"ld]|2000f) . 




Fig. 5 Very deep observation of the core of the Virgo cluster. Diffuse light is visible between the 
galaxies which result s from stars that h ave been expelled from the galaxies due to interactions 
between them ("from lMihos et al.ll2005D . 



galaxies uniformly distributed within this radius. With a relative velocity of V2aci and 
neglecting the gravitational focussing, he finds 

Nenc ~ j^-j^-KRiV2a,,t^ ^ 1, (8) 
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500 kpc 500 kpc 

Fig. 6 Simulation of the interaction between two galaxies: distribution of gas (left) and stars 
(right). D ue to the interaction gas and stars can be expelled out to distances of hundreds of 
kpc Cfrom lKapferer et al.ir2005n . 



i.e. a galaxy is expected to encounter one other galaxy over the course of its evolution. 
Even though the assumption is very simplifying one sees tha t an e ncounter is a rela- 
tively frequent event in a cluster. In contrast to this. iGnedinI 1 20031 ) estimated for the 
probability to merge with another galaxy 



iVc„c( ^ I ^10-3 (9) 

with a galactic velocity dispersion (jg — 200 kms"'^. Hence an actual merger is an 
unlikely event. 

Tidal interactions and merging between gal axies are highly non-linear phenomena 
that can be partly handled analytically (e.g.. [Binnev fc Tremain^ Il987l . chapter 7). 
Numerical simulations, however, are required for accurate estimates of mass loss rates 
and the morphological modification of galaxies. 



5 AGN outflows 



We discuss two types of outfiows from AGN: jets and winds-like outflows. There is much 
observational evidence for AGN jets interacting with the ICM - not only radio jets but 
also cavities in the ICM found in X-rays (e.g 



Blanton et al 



2001 



McNamara et al. 



200 ll: ISchindler et al.l200ll : iHeinz et al.]|2002l : IChoi et al.l2004l : lFabian et al.,,2006, : ,McNamara fc NulsenI 



20071 ) . in which the pressure of the relativistic particles of the jet has pushed away the 
ICM. The jets consisti ng of rel ativistic particles can entrain some of the surrounding 
metal-rich gas (IDe Youri3fl98i ). 

As the jet-ICM interaction can have an effect on both the energetics and the metal 
enrichment of the ICM, several groups have calculated this process. Many sim ula- 
tions for the energy trans fer have been performed (Zharig et al. 1999; Churazov et al.l 
200ll:lBruge:en et al.ll2002l:lNulsen et al.ll2002i: iKrause fc Camenzind|l2003l: lHeinzll2003 



Beall et al.]|2004l . bood : lOalla Vecchia et al.|[20oi : IZanni et al]|2005l : ISiiacki fc Springell 
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20061 : iHeinz et al.l 120061 ) while only few have attempted to calculate the m etal en- 
richment due to the entrainment by jets ( Heath et al.ll2007l : IMoU et al.ll2007l ). These 
simulations found that jets can both heat and enrich the ICM considerably. Another 
type of simulations calculated the metallicity distributi on due to bubble-indu ced mo- 
tions coming from a single AGN in the cluster centre ( Roedieer et alJboOTal ). It was 
found that in this case the metallicity distribution is very elongated along the direction 
of the motion of the bubbles. 

Also for wind-like outflows there is some observatio nal evidence. Blue-shift ed ab- 
sorption lines have been observed in UV and X-rays I Crenshaw et al.| 20031) . Also 
from X -ray imaging evidence for nuclear outflows has been found jMachacek e t al ' 



20011 : 



200fft ). There are hints f or a high metallicity of a few times solar Clfaman n et al 
Hasineer etal]|2002h. for high velocities of several thousand s or several ten thou 



(iChartas et al. 



2oo3, '2003I; 



Pounds et al 



2003al lbl: iReeves et allboosl : 



sands of km s~ 

I O'Brian et al.l 2 005 : Dasgupta et al. 2005; Gabel et al.ll2006l ) and for considerable mass 
outflow rates (fcrenshaw et al.l 20031 : IVeilleux et aLlboOSl VThe outflows can be quite 
strong, e.g. several 10^ Mq with kinetic energies around lO^'' erg e xpelled over the 
AGN live time of 10^ years as estimated from spectroscopic studies dNesvadba et al.l 

bood v 

In some galaxies the winds are not only driven by repeated supernova explosions 
but also the AGN are contributing to the energy necessary for the wind (see Sect. 3). 



6 Intra-cluster stellar population 



There is increas ing evidence for a population of stars in the space between the galax- 
ies in a cluster |Bernstein et al. 1995 : Gonzalez et al. 2002 . ioosl : Gerhard et al. 20021. 



2OO5I: 'Gal- Yam et al.ll2003l: lArnaboldi et al.ll2 004 IC ortese et al.H2004l: iFeldmeier et al 
2004; Rva n- Weber et allbooJ 



Adami et al 



2005; Zib etti et al.ll2005l : iKrick fc BernsteinI 



20071 ) . Depending on the mass of the cluster the fraction of intra-cluster stars {— ra- 
tio of number of stars between galaxies to total number of stars) can be as high as 
10 — 50 % with the higher fraction being in more massive clusters. This stellar pop- 
ulation can originate from stripping of stars from galaxies due to tidal interaction 
( Cvpriano eraiTbood), can be expelled during me rgers and the formation of massive 
.alaxies ( Murante et al.|[2007l : iKapferer et al.ll2005l . Fig. 6) or can have multiple origins 
Williams et al. IbOOT"). Simulations show that intra-cluster stars should be ubiquitous 
in galaxy c lusters (Willman ct aL ,2004) a-nd their numbers should generally increase 
with time jRudick et allbood ). A link between the growth of the brightest cluster 
galaxy and the intra-cluster light was reported bv lZibetti et al.l (|2005| ). 

When these stars explode as supernovae (mainly type la, as it takes a while for 
the stars to travel away from the galaxies) they can enrich the IC M very efflciently 
because there is no ISM pressure around them to confine the m etals ( Domainko et al] 
20041 : IZaritzskv et~aLlb004l : iLin fc MohJb004l : lOado et allbOOTl ). 

Considerably more frequent than supernova la explosions are their progenitors - 
the recurrent novae. With about 10"** Mp) outflow per no va event and typically super- 
solar abundances (up to ten times Solar. [Cehrz et cil]|l998l ), novae could also contribute 
to the metal enrichment of the ICM if they have been expelled previously from the 
galaxies. 

A fraction of the AGB stars are also expected to be between the galaxies. These 
stars have a considerable mass loss with metallicities of about Solar abundances with 
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slightly enhanced abundances of CNO elements l|w 


[leeler et alJ 19891: 


Ziilstral I2OO6I: 


IVan den Hoek & Groeneweeenlll997l:lBusso et al.ll2001 


:l Nordstrom I2OO3 


). As the ratio 



of planetary nebulae (PNe) to AGB stars is well studied in statistical studies of PNe 
in the ICM (|Feldmeier et al.lll998l : iTheuns fc Warren|[l997l : lArnaboldi et aLlbooal ) this 



ratio may be used to estimate the number of AGB stars. 

In conclusion the population of stars should also be considered for the enrichment 
processes in the ICM - even far away from galaxies. 



7 Which of these processes are important for the ICM enrichment? 



Several groups have addressed this question already many years ago. lOavid et al.l ( 199lh 



proposed the first models taking into account the effects of galactic winds on the ICM 
enrichment. They found that the results depend sensitively on their input parameters: 
the initial mass function, the adopted supernova rate and the primordial mass fraction 
of the ICM. 

The first 3D simulations calculating the full gas dynamics and the effects of winds 
on cluster scales were performed by Metzle r fc Evrar d (1994, 1997). They concluded 
that winds can account for the observed metal abundances in the ICM, but they found 
strong metallicity gradients (almost a factor of ten between cluster centre and virial 
radius) which are not in agreement with observations. iGnedinI ( 19981 ) took into account 



not only galactic winds, but also galaxy-galaxy interactions and conclu ded that most 
of the metals are ejected by galaxy mergers. In contrast to this result lAguirre et al.l 
( 200 ih found that galaxy-galaxy interactions and ram- pressure stripping are of minor 



importance while galactic winds dominate the metal enrichment of the ICM. 

That these early results disagree so much is probably due to the large range of 
scales that is involved. On the one hand the whole cluster with its infall region has to 
be simulated, on the other hand processes within galaxies or even within the active 
core of a galaxy are important. It is not possible to calculate all of this accurately in 
one type of simulation and therefore new methods have been developed. 

Recently several simulations for the enrichment have been performed. They calcu- 
late the exact composition and evolution of the ISM by varying t he initial mass function 



and the yields of supernova explosions (see iBorgani et al. I I2OO8I - Chapter 18, this vol 



ume), but it is not distinguished by which process the enriched gas is transported into 
the ICM. Specially for the transport processes a new simulation method has been de- 
veloped, in which N-body/hydrodynamic simulations with mesh refinement including 
a semi-analytical method have been combined with separate descriptio ns of the various 



enrichment processes, which can be switched on and off individually ijSchindler et al.l 
I2OO5I I. 

The results obtained with this method show an inhomogeneous d i stribution of the 
meta l s independent of the enrichment proce sses ([Schindler et al ] |2005l :l Domainko et al.l 



meta l s mdependent 01 the enrichment proce sses (pchmdler et al.llzUUol : lUomainko et al.l 
l2006l : lKapferer et aLlliooi : IMoU et ahlboOTl . see Fig. 7). These results ar e in very good 
agreement with the observed metallicity maps (see IWerner et ahlboosl - Chapter 16, 
this volume). The gas lost by the galaxies is obviously not mixed immediately with the 
ICM. There are usually several maxima visible in the metallicity distribution, which 
are not necessarily associated with the cluster centre. The maxima are typically at 
places where galaxies just have lost a lot of gas to ICM of low density, mostly due to 
star bursts. The metallicities vary locally between and 4 times Solar. 
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A detailed comparison between the two enrichment mechanisms - winds and ram- 
pressure stripping - revealed that these two processes yield differ ent metal distributions 
(see Fig. 7) and a different time dependence of the enrichment ( Kapferer et al.|[2007al : 
iRasia et al.ll2007h . The ram-pressure stripped gas is more centrally concentrated. The 
reason for this is that the ICM density as well as the galaxies velocities are larger 
in the cluster centre, so that ram-pressure stripping is very efficient there. Galactic 
winds, however, can be suppressed by the high pressure of the ICM in the centre 
( Kapferer et~aLll2006l ), so that in massive clusters galactic winds do hardly contribute 
to the central enrichment. The resulting radial metal profiles are correspondingly rela- 
tively flat for galactic winds and steep for ram-pressure stripping. When both processes 
are taken into accou nt they are in good agreement with the observed profiles (see also 
iBorgani et al.|[2008l - Chapter 18, this volume). 

Th e time scales for the enrichment are also different for the two processes (|Kapferer et al.l 
The mass loss of galaxies due to winds is larger at high redshifts. Between red- 
shifts 2 and 1 ram-pressure stripping becomes more important for the mass loss and it 
is by far more efficient at low redshift (see Fig. 8). The reason is that on the one hand 
galactic winds become weaker because the star formation rate decreases and on the 
other hand ram-pressure stripping becomes stronger because clusters with ICM have 
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Fig. 8 Mass loss of the galaxies in a simulation taking into account mass loss due to galactic 
winds (dashed line) and mass loss due to ram-pressure stripping (solid line) at different redshifts 
(adopted from lKapferer et al.ll2007al ). 



formed/are forming, which is interacting with the galaxies. In total the mass loss due 
to ram-pressure stripping is usually larger than the mass loss due to winds, in some 
cases up to a factor of three. 

Generally it is very hard to provide numbers for the relative efficiencies of the 
various processes as the efficiencies depend strongly on the properties of the clusters. 
In a massive or in a merger cluster, for example, ram-pressure stripping is very efficient. 

The simulated metallicities can be converted to artificial X-ray metallicities, metal- 
licity profiles, metallicity maps and metallicity evolution. There is in gene ral a good 



agreem ent between these quantities derived from simulation and observation ( Kapferer et al-l 
l2007bh . The metallicity values are in the right range and the spatial distribution and 
the evolution are in good agreement with the o bservations. Also the evolution of the 
meta llicity since z — 1 found in observations (|Balestra et al.l boOTi : iMaughan et al.l 
bOOSi ) can be reproduced by the simulations. Of course there is a large scatter in all 
these quantities, because they vary very much from cluster to cluster both in simula- 
tions and observations. 

Summarising, from the comparison of observations with simulations it seems clear 
that several processes are involved in the metal enrichment and none of them can be 
ruled out immediately as being not efficient enough. The processes can also influence 
each other (e.g. AGN outflows can enhance an existing galactic wind or one process can 
suppress another one). Obviously the interaction between galaxies and the ICM is a 
very complex issue. In order to know what is really going on at the transition between 
galaxies and ICM many more observations and simulations are needed. 
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